Abstract
Introduction
The emergence of antibiotic resistance of H. pylori is a serious global problem, which is probably attributed to the increased consumption of antibiotics worldwide [1] [2] [3] [4] . The outpatient antibiotic consumption in Taiwan increased since the initiation of National Health Insurance (NHI) in 1995. The prescription of antibiotics for upper respiratory tract infection was as high as 30% in 2000 [5, 6] . Therefore, the Bureau of NHI of Taiwan issued a reimbursement regulation in 2001 to restrict the use of any antibiotics in patients with upper respiratory infection which was likely to be caused by virus [5, 6] . The prescription of antibiotic would be reimbursed only in patients with evidence of bacterial infection, such as acute otitis media, sinusitis, etc [5, 6] . The reimbursement of H. pylori eradication therapy was also limited to patients with peptic ulcer disease or mucosa-associated lymphoid tissue lymphoma. The most commonly used antibiotics in the first line treatment of H. pylori in Taiwan include amoxicillin, clarithromycin, or metronidazole. Bismuth quadruple therapy which includes tetracycline and metronidazole or levofloxacin triple therapy are the most commonly used regimens in the second line or third line therapies. Therefore, it is crucial to survey the changes of the consumptions of the above antibiotics and the changes in the prevalence of antibiotic resistance of H. pylori after the implementation of this national policy. Besides, it is also important to analyze the risk factors of antimicrobial resistance of H. pylori in order to further reduce the resistance rate. Several studies observed the lower eradication rate in patients with non-ulcer dyspepsia as compared to those with peptic ulcer disease, which linked to the hypothesis that there might been an association between the antibiotic resistance and the virulence factors of H. pylori, including the CagA and VacA genotypes [7] [8] [9] . However, the studies on this issue showed contradictory results.
Therefore, we organized a Taiwan Gastrointestinal Disease and Helicobacter Consortium [10, 11] which consists of 9 hospitals in different geographic parts of Taiwan to assess the 
Materials and Methods

Patients and H. pylori Strains
This multicenter study was conducted in nine medical centers in Northern, Middle, Southern, and Eastern Taiwan between January 2001 and January 2012. H. pylori strains isolated from treatment naïve (N = 1395), failure from one (N = 192) and at least two (N = 158) eradication therapies between 2001 and 2012 were used for analysis. Demographic data, endoscopic diagnosis, and history of H. pylori eradication therapies were collected prospectively. The antibiotic resistance of strains collected before 2001 had been published and were not included in the present study to avoid duplication [12] [13] [14] . However, the reported prevalence of resistance before 2000 was used as historical control in order to assess the effectiveness of the national policy to restrict antibiotic usage [12] [13] [14] . The study protocol was approved by the Institutional Review Boards of National Taiwan University Hospital (NTUH). Written informed consents for the use of gastric biopsy specimens and H. pylori strains were obtained from all patients.
Consumption of Antibiotics
The consumption of antibiotics was analyzed using the Longitudinal Health Insurance Database (LHID) of the National Health Insurance Database (NHIRD) which includes complete prescriptions of outpatient visits and hospital admissions and has a coverage rate greater than 99% of the total population (23 millions) in Taiwan [15] . The LHID contains randomly sampled 1,000,000 beneficiaries from the Registry for Beneficiary (ID) of the NHIRD [15] . The systemic random sample from 1997 to 2008 was representative of the whole population and contained all longitudinal reimbursement information [15] . The defined daily dose (DDD), the assumed average maintenance dose per day for a drug used as a main indication in adults, was calculated according to the definition of Drug Statistics Methodology of World Health Organization [16] . Subjects aged less than 18 years were excluded. Antibiotics administrated other than oral route were also excluded. We calculated the numbers of subjects aged 18 years or greater for each year from 1997 to 2008 as the denominators. The cumulative DDD (cDDD) of an antibiotic represented the total dose of that antibiotic prescribed during the study period. The DDD rate of the randomly sampled population was expressed as DDD per 1000 residents per day.
Susceptibility test and genotyping
Genotyping and MICs were determined in NTUH. The minimum inhibitory concentrations (MICs) were determined by agar dilution tests using antibiotic-containing Mueller-Hinton agar supplemented with 5% defibrinated sheep blood. H. pylori ATCC 43504 was used as the quality control strain. The resistance breakpoints for amoxicillin, clarithromycin, levofloxacin, metronidazole, tetracycline, rifabutin, and rifampin were defined as greater than 0.5, 1, >1, 8, 0.5, 1, and >1mg/L, respectively [10, 11, 17] . The CagA gene and the VacA signal region (s1/2) and midregion (m1/2) mosaics were also determined by PCR method as described previously [11, 17] .
Literature review of antibiotic resistance in Asia-Pacific regions
In order to compare the prevalence of antibiotic resistance of H. pylori in Taiwan to that in other countries in Asia-Pacific regions, we did a literature review (not a systematic review) to identify the most updated prevalence of primary "clarithromycin" and "metronidazole" resistance in Asia-Pacific regions. We searched the original full articles published in English after 2000 using the PubMed with the key words of "H. pylori", "clarithromycin", "metronidazole" and "resistance" in countries in Asia-Pacific regions. The search was limited to "title" and "abstracts". Literatures that reported the secondary resistance were excluded. When there were two or more articles from a certain country, the most updated data were used to represent the resistance in that country.
Statistical Analysis
Secondary resistance was defined as the resistance in patients who received at least one eradication therapy. Categorical data were compared using the chi-square test or Fisher's exact test as appropriate. Continuous data were compared with Student's t-test or ANOVA test and expressed as mean (SD). Logistic regression analyses were used to compute the odds ratios (ORs) and the 95% confidence interval (CI). All p-values were two-tailed, with the level of statistical significance specified as 0.05. The statistical analyses were performed using the SPSS 12.0.
Results
Prevalence of primary antimicrobial resistance
As shown in Table 1 , the prevalence of primary resistance to clarithromycin, metronidazole, levofloxacin, amoxicillin, and tetracycline remained as low as 11.2% (95% CI 9.6%-13%), 25.7% (95% CI 23.5%-28.1%), 8.8% (95% CI 7.4%-10.4%), 2.3% (95% CI 1.7%-3.3%), and 2.7% (95% CI 2%-3.7%), respectively. The prevalence of primary resistance to rifabutin and rifampin remained as low as 2.2% (95% CI 1.3%-3.7%) and 14.3% (95% CI 12.4%-16.4%), respectively.
Risk factors of resistance
History of eradication therapies was associated with increased risk of clarithromycin, levofloxacin, metronidazole, and amoxicillin resistance ( Table 1 ). The secondary resistance of amoxicillin increased from 2.3% to 3.7% and 8.3% in patients who failed from one and at least two eradication therapies, respectively (p<0.001, Table 1 Table 2 ). The primary resistance of levofloxacin was higher in older patients than in younger patients (Tables 2 and 3 ). The primary resistance of metronidazole was higher in women than in men (Tables 2 and 3 ). The primary resistance of metronidazole was lower in Eastern Taiwan (Table 3) . Neither the CagA genotype nor VacA genotypes was associated clarithromycin, levofloxacin, metronidazole, amoxicillin, and tetracycline resistance ( Table 2 ). The prevalence of the resistance of the five antibiotics was not different in patients with or without peptic ulcer disease, nor in patients with or without smoking.
The trend of resistance in relation to the consumption of antibiotics
We observed trends of reduced consumption of clarithromycin, metronidazole, amoxicillin, and tetracycline after the 2001 policy to restrict antimicrobial usage, except for fluoroquinolone (Fig 1 and S1 We showed trends of reduced consumption of macrolides, nitroimidazole, amoxicillin, and tetracycline after the national policy to restrict antimicrobial usage. The primary resistance of clarithromycin, metronidazole, amoxicillin, and tetracycline remained low and the trends were stable during 2001-2011. In contrast, we observed a trend of increased consumption of fluoroquinolones and a trend of rising primary levofloxacin resistance despite the national policy to restrict antimicrobial usage. *The antibiotic resistance of strains collected before 2001 had been published and were not included in the present study to avoid duplication [13] [14] [15] . The antibiotic resistances before 2001 were presented in dotted lines in Fig 1 to better demonstrate the trends of resistance before and after the policy to restrict antimicrobial usage [13] [14] [15] . (Fig 1B) . The increased fluoroquinolones consumption appeared to correlate with the rising primary resistance rate of levofloxacin (Fig 1B) . The DDD rate of nitroimidazole was higher in females than in males (S1 Fig). The prevalence of primary resistance in Taiwan and other countries in Asia-Pacific regions
The updated primary resistant rate in Asia-Pacific region was shown in Fig 2 and S2 Table [18] [19] [20] [21] [22] [23] [24] [25] . The results from the present study showed that the primary resistant rates of clarithromycin and metronidazole remained low in Taiwan, as compared to many other countries in this region (Fig 2A and S2 Table) [18] [19] [20] [21] [22] [23] [24] [25] . The trend of primary resistance of clarithromycin remained stable during 2001 and 2012 in Taiwan, compared to the rising resistance during this time period in China, Japan, and Korea ( Fig 2B and S2 Table) .
Discussion
In this multicenter surveillance program, we found that the primary resistance rate of clarithromycin, metronidazole, amoxicillin, and tetracycline remained low in Taiwan, which might be attributed to the reduced consumption of these antibiotics in Taiwan (Figs 1 and 2A) . Compared to the rising resistance during this time period in China, Japan, and Korea (Fig 2B and  S2 Table) [20] [21] [22] [23] [24] , the trend of primary resistance of clarithromycin remained stable during 2001 and 2011 in Taiwan, which could be attributed to the 2001 national policy to restrict the usage of these antibiotics. However, we observed a rising prevalence of primary levofloxacin resistance which might be attributed to the increased consumption of fluoroquinolones despite this policy (Fig 1B) . This indicated that further strategies are warranted to restrict the consumption of fluoroquinolones. The time trend of clarithromycin resistance of H. pylori in relation to macrolides consumption has been reported in some studies. In Japan, the primary resistance increased from 4% to Table) . Fig 2B showed the trend of clarithromycin resistance in Asia-Pacific regions [12, [18] [19] [20] [21] .
doi:10.1371/journal.pone.0124199.g002 6% and 15% in 1996, 1998, and 2000, respectively, which correlated with the increase in total amount of macrolides consumption [26] . The primary clarithromycin resistance remained as low as 1.1-3.3% in Lithuania during 2003-2007 and 0-3.3% in Estonia during 1996-2000 [27, 28] . The low resistance rate might be attributed to the low consumption of macrolides in Lithuania (DDD rate ranging from 1.2 to 1.8) and Estonia (DDD rate ranging from 1 to 1.5) [27, 28] . In Finland, they observed a trend of increase in clarithromycin resistance between 2000 and 2006, but a trend of reduction between 2006 and 2008 [29] . However, the changes in the clarithromycin resistance did not correlate with the changes in macrolides consumption in Finland [29] . In Belgium, the primary clarithromycin resistance increased from 5.2% in 1995 to 15 .3% in 2004, but reduced to 10.5% in 2009, which was probably attributed to the reduced consumption of macrolides [30] . In a recent multi-center study in Europe, Megraud and colleagues further demonstrated that the primary resistance of clarithromycin in a country correlated with the amount of clarithromycin consumption in that country [1] . However, none of the previous studies assessed the time trends between levofloxacin resistance and fluoroquinolones consumption.
In the present study, we found that whereas the consumption of macrolides, amoxicillin, nitroimidazole, and tetracycline reduced after the national policy to restrict antibiotic usage since 2001, the consumption of fluoroquinolones increased. This might be the explanation for the rising primary levofloxacin resistance. Besides, the secondary resistance of levofloxacin also increased to 65% in strains isolated from patients who failed at least two eradication therapies. The rising resistance rate was probably attributed to the increasing use of levofloxacin as the second line therapy in Taiwan [10, 11] . A similar trend of high secondary resistance to fluoroquinolones of H. pylori has been reported in Germany [31] . The increased consumption of fluoroquinolones might be attributed to the recommendations from treatment guidelines that fluoroquinolone monotherapy may be used as alternative therapy to beta-lactam-macrolide combination therapy in the first line treatment of community acquired pneumonia (CAP) [32] . Another explanation for the increased consumption of fluoroquinolones was that the use of fluoroquinolones in urinary tract infection was not restricted in the national policy. Therefore, a more judicious use of fluoroquinolone is important to prevent the emergency of fluoroquinolone resistant H. pylori strains. We proposed that fluoroquinolones should be reserved as rescue therapy for H. pylori infection or susceptibility testing before first line therapy shows that the strain is resistant to other antibiotics. Whether the fluoroquinolones should be reserved as second line therapy in CAP and urinary tract infection is also an important issue to be addressed in future studies and treatment guidelines.
The strength of our study included the large sample size (N = 1745), the multicenter study design which is representative of Taiwan, and the use of the Taiwan NHIRD to obtain the amount of antibiotic consumption. Because we conducted a nationwide survey in both symptomatic and asymptomatic subjects, the positive rate of CagA (85%) was relatively lower compared to that reported from other East Asian countries [33] .Nevertheless, there were some limitations with this study. The major limitation was that the strains collected before 2000 were not included in this study because the data had been published previously [12] [13] [14] . Previous studies from Taiwan showed that the prevalence of clarithromycin and metronidazole resistance was 11% and 41%, respectively, before 2000 [12] [13] [14] . The prevalence of levofloxacin was as low as 2.8% during 1998 and 2003. Therefore, we cited the published data in this study further demonstrate the changes in the trends of antibiotic resistance before and after the policy to restrict antibiotic usage. Since the change of antibiotic consumption is expected to precede the changes in the prevalence of resistance, we also included the data of antibiotic consumption between 1997 and 2000. Secondly, there are other factors that might affect the consumption of antibiotics in addition to the policy to restrict antibiotic usage, such as the treatment consensus or guidelines. The causal relationship for the changes in the consumption of antibiotics and the policy to restrict antibiotic usage could not be established by the serial cross-sectional surveys. Yet, it is difficult to conduct randomized trial at the national level to prove the efficacy of this policy on the consumption of antibiotics and the prevalence of resistance. Thirdly, the underlying mechanisms for the higher clarithromycin and tetracycline resistance in patients with gastric cancer and the higher clarithromycin resistance in females need to be clarified and validated in future studies. Fourthly, we performed a random sampling of 1 million outpatients out of the 23 million people in Taiwan to analyze the antibiotic consumption because of the difficulty in obtaining the entire database from the Bureau of NHI. Nevertheless, the sampling was random and selection bias is less likely. Finally, the MICs f rifabutin, rifampin, and tetracycline were not determined in all strains because the prevalence of resistance were relative lower. The determination of MIC failed in some strains. Nevertheless, the sample size of this study was large and the failure rate was less than 1.5%.
In conclusion, the reduced consumption of antibiotics after the policy to restrict antibiotic usage might contribute to the low primary resistance of H. pylori in Taiwan. The rising prevalence of levofloxacin resistance might be attributed to the increased consumption of fluoroquinolones in Taiwan and more judicious use of fluoroquinolones is mandatory in future clinical practice. The virulence genotypes of H. pylori, the CagA and VacA, are not associated with antibiotic resistance. Continuous surveillance of antimicrobial resistance and the judicious use of antibiotic are important strategies to prevent the emergence of resistance.
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